Signal transducers and activators of transcription (Stats) are known to transduce signals from the cell surface to the nucleus in cytokine receptor signaling. We examined the capacity of platelet-derived growth factor (PDGF) receptor to interact with and activate Stat molecules. Activation of the PDGF b-receptor led to tyrosine phosphorylation of Stat1, Stat3 and Stat5, which was accompanied by speci®c DNA-binding activities. These events were only weakly stimulated by the activated PDGF a-receptor. In cells expressing PDGF b-receptors mutated at Tyr579, Tyr581 or Tyr775, tyrosine phosphorylation as well as DNA-binding activity of Stat5 was reduced. Immobilized peptides containing phosphorylated Tyr579, Tyr581 or Tyr775 bound Stat5, suggesting direct binding of Stat5 to these tyrosine residues of the PDGF b-receptor. Members of the Janus kinase family were also shown to interact with the PDGF b-receptor, and to a lesser extent with the areceptor, but their importance for PDGF-induced Stat activation remains to be determined.
Introduction
Proliferation and dierentiation of cells are regulated by extracellular ligands, such as growth factors and cytokines. The cytoplasmic domains of several growth factor receptors are endowed with intrinsic tyrosine kinase activity which is stimulated upon ligand binding, leading to receptor autophosphorylation and phosphorylation of intracellular substrates (Pawson, 1995) . In contrast, cytokine receptors do not contain intrinsic kinase domains, but instead utilize kinase activity of receptor-associated Janus kinases to couple ligand binding to tyrosine phosphorylation and activation of members of the Stat family of proteins, as well as certain other signaling proteins (Ihle, 1995; Taniguchi, 1995) . Four members of the JAK family, JAK1, JAK2, JAK3, and Tyk2 have hitherto been characterized. The dierent JAK's associate in a speci®c manner with dierent cytokine receptor subunits. The membrane proximal proline rich region (Box1/Box2 region) of the cytokine receptors mediates the association with the JAKs, but the exact mechanism for this association is currently not known (Ihle, 1995) . The Stat family consists of seven (Stat1, Stat2, Stat3, Stat4, Stat5a, Stat5b and Stat6) cytosolic SH2 domain-containing proteins, which are activated through a tyrosine phosphorylation-dependent mechanism. Stats bind to the tyrosine phosphorylated receptors via their SH2 domains thereby allowing the phosphorylation of Stats on a conserved C-terminal tyrosine residue. In addition, several of the Stat proteins require the phosphorylation of a C-terminal serine for DNA binding, and/or transactivation capacity. Once phosphorylated, Stats dissociate from the receptor and form SH2 domain-mediated homo-or heterodimers which translocate to the nucleus and bind speci®c DNA target sequences in the promoter regions of the responsive gene (Ihle, 1996) .
Although best known for their role in cytokine receptor signaling, stats have also been shown to be tyrosine phosphorylated and activated in response to epidermal growth factor (EGF) and platelet-derived growth factor (PDGF) (Ru-Jamison et al., 1993; Silvennoinen et al., 1993b) , which act via tyrosine kinase receptors. The activation of Stat1 in EGFstimulated cells has been shown to require autophosphorylation and kinase activity of the receptor (Leaman et al., 1996; Silvennoinen et al., 1993b) and puri®ed EGF receptor is capable of phosphorylating and activating Stat1 in vitro . In addition, studies on cells defective in speci®c JAKs, transfected with PDGF or EGF receptors, indicate that Stat1 and Stat3 activation by these receptors is not dependent on individual JAKs (Leaman et al., 1996; Vignais et al., 1996) .
PDGF is a potent growth factor for cells of mesenchymal origin. It is made up as dimers of two related polypeptide chains, designated A and B, which are assembled as homo-or heterodimers (PDGF-AA, PDGF-BB and PDGF-AB) (Heldin and Westermark, 1996; Raines et al., 1990) . The PDGF isoforms bind to two structurally related tyrosine kinase receptors, denoted a-and b-receptors, that display dierence in ligand-binding speci®city (Claesson-Welsh, 1994) ; the B-subunit of PDGF binds to both a-and b-receptors with high anity, whereas the A-subunit only binds to the a-receptor. Upon binding of PDGF, the receptors undergo dimerization, followed by autophosphorylation of speci®c tyrosine residues in the intracellular domains of the receptors. A number of autophosphorylation sites have been identi®ed in the intracellular domain of the PDGF b-receptor, and phosphorylation of these tyrosine residues creates speci®c docking sites for SH2 domain-containing signaling molecules (reviewed in Claesson-Welsh, 1994) . Two autophosphorylation sites in the juxtamembrane domain (Tyr579 and Tyr581) mediate binding of Src family kinases (Mori et al., 1993) . Autophosphorylation sites in the kinase insert bind Grb2 (Tyr716; Arvidsson et al., 1994) , the regulatory subunit (p85) of phosphatidylinositol 3-kinase (Tyr740 and Tyr751; Fantl et al., 1992; Kashishian et al., 1992) , Nck (Tyr751; Nishimura et al., 1993) , and the GTPase-activating protein of Ras (Tyr771; Fantl et al., 1992; Kashishian et al., 1992) . Two autophosphorylation sites in the C-terminal tail mediate binding of phospholipase C-g (Tyr1009 and Tyr1021; Kashishian and Cooper, 1993; RoÈ nnstrand et al., 1992; Valius et al., 1993) , Tyr1009 in addition binds the tyrosine phosphatase SHP2 .
In this study we have investigated tyrosine phosphorylation and activation of members of the JAK and Stat families upon stimulation mediated by PDGF a-and b-receptors. Also, we have determined which structural domains of the PDGF b-receptor are involved in the interactions with as well as activation of Stat5.
Results

Tyrosine phosphorylation of Stat family members in PDGF-stimulated cells
Phosphorylation of dierent members of the Stat family has been observed in response to dierent cytokines and growth factors. We initially examined the phosphorylation of Stat1 in Swiss 3T3 cells expressing high levels of both PDGF a-and breceptors. The cells were stimulated with PDGF-AA or PDGF-BB for dierent time periods and the immunoprecipitated Stat1 was subjected to immunoblotting with an anti-phosphotyrosine antibody. As shown in Figure 1a (upper panel), stimulation by PDGF-AA or PDGF-BB led to increased tyrosine phosphorylation of Stat1. Only the 91 kDa component of Stat1 was detected with antibodies against phosphotyrosine, however, immunoblotting with Stat1 antiserum revealed two bands, corresponding to the 84 kDa and 91 kDa components of Stat1 ( Figure 1a , lower panel). Maximal phosphorylation of p91 was seen after 10 min of ligand stimulation, and only a faint band was visible after 20 min of stimulation. In addition, as shown in Figure 1a , the amount of p84 and p91 in the cytoplasm decreased after stimulation with PDGF-BB, suggesting translocation of Stat1 into To investigate tyrosine phosphorylation of other Stat proteins, Swiss 3T3 cells were stimulated with PDGF-AA or PDGF-BB for dierent time periods, followed by immunoprecipitation with speci®c antibodies against the dierent Stats and immunoblotting with PY20. No phosphorylation of Stat2, Stat4 or Stat6 was detected in these cells (data not shown). Stat3 and Stat5, on the other hand, were tyrosine phosphorylated in PDGF-BB stimulated cells with a maximum after 10 min. Also, stimulation with PDGF-AA revealed tyrosine phosphorylation of Stat3 and Stat5, albeit in the case of Stat5, less eciently than with PDGF-BB (Figure 1b and c, upper panel) . Immunoblotting with Stat3 revealed three bands, probably corresponding to unphosphorylated and phosphorylated proteins, as well as an additional unidenti®ed band which may correspond to the previously described Stat3b (Schaefer et al., 1995) ( Figure 1b) . Two highly related Stat5 proteins, Stat5a and Stat5b, have been cloned from a murine cell line (Azam et al., 1995; Mui et al., 1995) . Immunoblotting with anti-Stat5 antiserum revealed two bands corresponding to Stat5a and Stat5b in non stimulated cells, as veri®ed by using common and Stat5 subtype speci®c antibodies (data not shown). Also, as shown in Figure  1c , stimulation with PDGF led to a shift in electrophoretic mobility of Stat5.
Induction of Stat DNA-binding activity by PDGF a-and PDGF b-receptors
To examine the ability of PDGF a-or b-receptors to functionally activate Stat1, Stat3 and Stat5, COS-7 cells were co-transfected with equal amounts of either PDGF a-or b-receptor together with Stat1, Stat3 or Stat5. Overexpression of PDGF receptors in COS cells results in ligand-independent autophosphorylation and activation, and can be used to mimic growth factor stimulation. The DNA-binding activity of activated Stats in the transfected cells, was analysed by electrophoretic mobility shift assay with high-anity SIE (for Stat1 and Stat3) or GRR (for Stat5) probes. Transfection of JAK1 was used as a positive control for Stat1 and Stat3 activation, and transfection of JAK2 was used as a positive control for Stat5. Figure 2 shows that both PDGF a-and b-receptors induced DNA-binding activity of Stat1, Stat3 and Stat5. The PDGF b-receptor was consistently found to be more eective than the PDGF a-receptor in inducing the Stat DNA-binding activity. While the PDGF b-receptorinduced Stat3 and Stat5 activation was comparable to the JAK induced activation, the PDGF a-receptors were less ecient than the JAKs in activation of Stat1, Stat3 and Stat5 DNA-binding activity despite similar protein levels (data not shown). Taken together, these results indicate that the PDGF b-receptor, and to a lesser extent the PDGF a-receptor, are able to induce functional activation of Stat1, Stat3 and Stat5.
Stat1 and Stat3 have by previous studies been shown to be activated to a similar extent in response to PDGF-BB, interferon-a and interferon-g, in ®broblast cell lines (Raz et al., 1994; Silvennoinen et al., 1993b) . We examined the relevance of PDGFinduced Stat5 activation by comparing the extent of Stat5 activation in NIH3T3 cells expressing endogenous PDGF receptors, to Stat5 activation induced by IL-3 in myeloid 32D cells. For this purpose, nuclear extracts from Swiss 3T3 cells, stimulated with PDGF-BB and nuclear extracts from 32D cells, stimulated with IL-3 were incubated with high anity Stat5 probe and analysed by electrophoretic mobility shift assay. As shown in Figure 3 , the PDGF-BB and IL-3 similarly stimulated the DNA binding activity of Stat5.
PDGF-BB dependent tyrosine phosphorylation of Stat5 requires the kinase activity of the PDGF b-receptor
We then focused our studies on tyrosine phosphorylation and DNA-binding activity of Stat5. To estimate P-labeled Stat5 probe as described in Materials and methods. Complexes were subjected to mobility shift assay and analysed by autoradiography whether the kinase domain of the PDGF b-receptor was required for tyrosine phosphorylation of Stat5, we compared PAE cells expressing wildtype PDGF breceptor with cells expressing a mutant receptor bearing an amino acid substitution in the catalytic domain (K634A) that inactivates the catalytic activity of the receptor (Sorkin et al., 1991) . The cells were stimulated or not with PDGF-BB, and then subjected to immunoprecipitation with Stat5 antiserum followed by immunoblotting with PY20. As shown in Figure 4 , tyrosine phosphorylation of Stat5 was not detected in cells expressing the kinase inactive receptor. Probing of the ®lters with antiserum against Stat5 con®rmed that Stat5 proteins are present in both cell lines and showed that the Stat5 expressed in the kinase inactive cells, did not shift in electrophoretic mobility upon stimulation ( Figure 4 , bottom panel). Thus, Stat5 phosphorylation requires the catalytic activity of the PDGF b-receptor.
Reduced tyrosine phosphorylation of Stat5 in Tyr581, Tyr579 and Tyr775 mutant cell lines
We next tested whether tyrosine phosphorylation of Stat5 was dependent on association with any of the phosphorylation sites in the PDGF b-receptor. For this purpose, we analysed Stat5 tyrosine phosphorylation in PAE cell lines expressing dierent PDGF b-receptor mutants at similar levels. The PAE cell lines were stimulated or not with PDGF-BB and subjected to immunoprecipitation with Stat5 followed by immunoblotting with PY20. To estimate the amount of tyrosine phosphorylated receptors in the cells, 10% of the stimulated cell lysate was precipitated with a breceptor speci®c antiserum. After stripping, the ®lters were also immunoblotted with Stat5 antiserum in order to estimate the amount of Stat5 protein in the lysates. In cells expressing receptor mutant Y581F, in which the tyrosine residue had been replaced with phenylalanine, tyrosine phosphorylation of Stat5 was considerably decreased ( Figure 5 and Table 1 ). There was also a decrease in tyrosine phosphorylation of Stat5 in PAE cells expressing Y579F or Y775F mutant breceptors, whereas other receptor mutants showed tyrosine phosphorylation close to that of the wildtype receptor (Table 1) . In order to estimate the DNA-binding activity of Stat5 in the cell lines expressing wildtype or Tyr579, Tyr581 and Tyr775 mutant PDGF b-receptors, PAE-cells were stimulated with PDGF-BB and nuclear extracts prepared. The extracts were then incubated with biotinylated PRE oligonucleotides immobilized on agarose-linked streptavidine. Bound proteins were eluted, fractionated by SDS-polyacrylamide gel electrophoresis and transferred onto ®lters, followed by immunoblotting with Stat5 speci®c antiserum. As shown in Figure 6 , there was a reduced DNA-binding activity of Stat5 in PAE cells expressing Tyr581, Tyr579 and Tyr775 receptor mutants. Other mutant cell lines, e.g. Tyr716 mutant PDGF b-receptor, did not show reduced DNA-binding activity of Stat5 (data not shown).
Association of Stat5 with phosphorylated peptides of the PDGF b-receptor
We then estimated the ability of Stat5 to interact with tyrosine phosphorylated residues in the PDGF breceptor. Phosphorylated or non-phosphorylated peptides corresponding to Tyr579, Tyr581 or Tyr775 and their surrounding amino acid residues, were immobilized at equal density on Agel and incubated with lysate from PAE cells expressing wildtype PDGF breceptor. The retained material was subjected to SDS ± PAGE. Immunoblotting with Stat5 antiserum revealed that Stat5 bound eciently to peptides containing phosphorylated Tyr579, Tyr581 or Tyr775, but very weakly to the corresponding unphosphorylated peptides (Figure 7 ). Irrelevant phosphopeptides, e.g. covering phosphorylated Tyr716, did not bind Stat5 (data not shown). We also preincubated portions of the cell lysate with peptides containing dierent phosphorylated tyrosine residues, to investigate if any of these could compete for the binding. As shown in Figure 7 , peptides with phosphorylated Tyr579 or Tyr581 competed eciently with binding of Stat5 to all three immobilized peptides. Moreover, a peptide with phosphorylated Tyr775 competed eciently with the binding of Stat5 to the same immobilized peptide, but less eciently with the binding to immobilized peptides containing phosphorylated Tyr579 or Tyr581.
The in vitro binding data are consistent with a direct association between Stat5 and phosphorylated Tyr579, Tyr581 and Tyr775. Since a peptide covering phosphorylated Tyr775 competes with Stat5 binding only to the same immobilized peptide and not to the other immobilized peptides, it is possible that the binding to phosphorylated Tyr775 occurs with lower anity than the binding to phosphorylated Tyr579 or Tyr581, or that dierent epitopes on Stat5 are involved.
Interaction between the PDGF receptors and Janus kinases
In cytokine-stimulated cells, activation of Stat is dependent on JAK kinase activity. We also investigated the interaction between JAK proteins and the PDGF receptors before or after ligand stimulation of the receptor. For this purpose, PAE cells expressing the PDGF b-receptor, were left untreated or stimulated with PDGF-BB and subjected to immunoprecipitation with PY20, or with antisera against JAK1, JAK2 or Tyk2. The immunoprecipitates were separated by SDS ± PAGE and transferred onto a nitrocellulose membrane, which was immunoblotted with PY20. As shown in Figure 8a , a 190 kDa component was immunoprecipitated by PY20 after PDGF-BB-stimulation; this component was also brought down from ligand-stimulated cells by an antiserum against JAK1, and to a considerably lesser extent by antisera against JAK2 or Tyk2. Subsequent stripping of the ®lter and reprobing with a PDGF b-receptor antiserum identi®ed the 190 kDa component as the PDGF b-receptor (Figure 8b ). Immunoblotting with antisera against JAK1, JAK2, and Tyk2, con®rmed that JAK proteins are present in the PAE cells (Figure 8c ). We also investigated the ability of the PDGF a-receptor to associate with dierent JAK proteins in PAE cells Figure 6 Reduced DNA binding activity of Stat5 in PAE cells expressing Tyr579, Tyr581 or Tyr775 mutant receptors. PAE cells expressing wildtype or mutated PDGF b-receptor, were stimulated with PDGF-BB for 30 min on ice, followed by 25 min at 378C, and nuclear extracts prepared. PRE-oligonucleotide-binding complexes were isolated from the nuclear extracts with PRE oligonucleotide immobilized on agarose-linked streptavidin. DNA-bound proteins were analysed by SDS ± PAGE followed by immunoblotting with Stat5 antiserum and PY20. Unfractionated cell lysate was run in parallel to visualize the migration of Stat5. The position of Stat5 (open diamond), is indicated to the right Interaction of Stat5 with the PDGF b-receptor S Valgeirsdo Â ttir et al expressing the PDGF a-receptor. A 180 kDa component which corresponded to the PDGF a-receptor, was seen after immunoblotting with PY20 in PDGF-AA stimulated cells immunoprecipitated with antiserum against JAK1, but not after immunoprecipitation with antisera against JAK2 or Tyk2 (data not shown).
To further examine to what extent the interaction between the PDGF b-receptor and JAK1 was dependent on PDGF stimulation, the following experiment was performed. PAE cells expressing the PDGF b-receptor, were left untreated or stimulated for 5 or 20 min with PDGF-BB, followed by immunoprecipitation with PDGF b-receptor antiserum (90% of the lysate) and immunoblotting with anti-JAK1. In parallel, 10% of the lysates were subjected to immunoprecipitation with JAK1 antibodies followed by immunoblotting with anti-JAK1, to estimate the amounts of JAK1 protein in the dierent lanes. As shown in Figure 9a , JAK1 coprecipitated to some extent with the unstimulated receptor, whereas stimulation resulted in an increased association between JAK1 and the receptor, with a maximum after 5 min treatment with PDGF-BB. In addition, we examined the ability of PDGF to induce tyrosine phosphorylation of JAK1. PDGF b-receptor expressing PAE cells were stimulated with PDGF-BB, and subjected to immunoprecipitation with antibodies against phosphotyrosine (PY20) followed by immunoblotting with anti-JAK1 antibodies. To ensure that similar amounts of JAK1 protein were loaded in all lanes, 10% of each cell lysate was in parallel precipitated with antibodies against JAK1 followed by immunoblotting with JAK1 antibodies. As shown in Figure 9b , there was a four-fold induction of the level of tyrosine phosphorylated JAK1 after 5 min which remained after 20 min of PDGF-BB stimulation. We also estimated the kinase activity of JAK1 in response to PDGF-BB. For that purpose, PAE cells expressing PDGF-b-receptor, were stimulated with PDGF-BB, subjected to immunoprecipitation with antiserum against JAK1 and assayed for the kinase activity of JAK1 with an exogenous peptide corresponding to the JAK2 phosphorylation site (Feng et al., 1997; Silvennoinen et al., 1993a) . As shown in Figure 9c , stimulation with PDGF-BB induced the kinase activity of JAK1 as compared to non stimulated cells.
Taken together, these results demonstrate that the PDGF b-receptor associates with JAK1 and to a lesser extent with JAK2 and Tyk2, whereas the activated PDGF a-receptor, expressed at a level similar to the PDGF b-receptor, only associates weakly with JAK1 and not detectable with JAK2 and Tyk2. The The beads were incubated with cell lysates which had been preincubated for 1 h with an unphosphorylated peptide containing Tyr579 (579 peptide) and peptides from the PDGF b-receptor containing dierent phosphorylated tyrosine residues (numbers given in the Figure; `p' indicates phosphorylation on tyrosine). The samples were washed with RIPA buer, and the material retained on the Agel beads was subjected to SDS ± PAGE followed by immunoblotting with antiserum against Stat5. 
Discussion
In this study, we show that stimulation of Swiss 3T3 cells with PDGF leads to tyrosine phosphorylation of Stat1, Stat3 and Stat5. Studies on Swiss 3T3 cells revealed that tyrosine phosphorylation of Stat1 and Stat5 were less ecient after stimulation with PDGF-AA, which is consistent with our ®nding that the DNA binding activity of these Stat's were less eciently induced by the PDGF a-receptor than by the b-receptor. Stat3 on the other hand was tyrosine phosphorylated to similar extents, in response to activation of both types of receptors. Tyrosine phosphorylation of Stat6 was not detected in Swiss 3T3 cells or PAE cells, possible due to low expression levels. However, DNA-binding activity of Stat6 was detected in NIH3T3 cells (data not shown), in agreement with previous studies (Patel et al., 1996) . Tyrosine phosphorylation of Stat2 and Stat4 was neither detected in Swiss 3T3 cells nor in PAE cells. Similarly, Silvennoinen et al. (1993b) , did not observe activation of Stat2 in Swiss 3T3 cells in response to PDGF. The two PDGF receptors are known to transduce both common and distinct signals, in a cell type speci®c manner. Both receptors induce mitogenic signals, but the PDGF b-receptor transduces stronger signals for transformation than the a-receptor, in cells overexpressing the receptors. Furthermore, the b-receptor induces chemotaxis, whereas a-receptor transduces negative signals that inhibit this response. Which biological signal transduced by the PDGF receptors is dependent on activation of the Stats, is a prospect for future studies. Since cells derived from embryos with the Stat1 gene knocked out show a normal mitogenic response to PDGF (Durbin et al., 1996; Meraz et al., 1996) Stat1 appears not to be important for PDGF-induced mitogenicity.
Whether other biological signals transduced by the PDGF receptors are dependent on Stat1 activation is currently unclear. Studies on knockout mice show that Stat5a has an obligate role in mammary growth and dierentiation (Liu et al., 1997) and that Stat3 has a role in the early development of the mouse embryo (Takeda et al., 1997) ; but the roles of Stat3 and Stat5 in cytokineinduced proliferation remain to be determined.
Activation of Stat1 and Stat3 by PDGF has previously been compared with the activation by IFN-a and IFN-g and found to be similar (Raz et al., 1994; Silvennoinen et al., 1993b) . In our studies, Stat5 was also found to be extensively activated in response to PDGF, to a similar degree as IL-3-induced Stat5 activation in hematopoietic cells. This suggests that activation of Stat5 in response to PDGF is functionally relevant and of consequence for PDGFinduced biological responses.
Stat5 was ®rst characterized in mammary gland tissue as a prolactin-inducible transcription factor (Wakao et al., 1994) , but has been shown to be activated by numerous cytokines and growth factors in diverse cell types (Azam et al., 1995; Friedmann et al., 1996; Mui et al., 1995; Ru-Jamison et al., 1995; Gouilleux et al., 1995; Novak et al., 1996; . Two highly related Stat5 proteins, denoted Stat5a and Stat5b have been described, which are able to form homo-or heterodimers after phosphorylation. In PDGF-stimulated cells, Stat5 migrated in SDS ± PAGE as three distinct species (Figure 1b) , which corresponded to unphosphorylated and phosphorylated Stat5a and Stat5b proteins, in agreement with previous studies (Beadling et al., 1996) .
Using wildtype and mutant PDGF b-receptor expressing cells, a number of tyrosine residues in the PDGF b-receptor were shown to be important for tyrosine phosphorylation and DNA-binding activity of Stat5. That Stat5 may bind directly to these sites was indicated by the fact that Stat5 was retained by immobilized tyrosine phosphorylated receptor peptides corresponding to these, but not to other sites. One site, Tyr775, located in the kinase insert, was recently shown to participate in the binding of the small adaptor proteins Grb2 and Grb7 to the b-receptor (Yokote et al., 1996) . Tyr775 is not conserved in the areceptor and it is possible that this explains the dierence between Stat5 tyrosine phosphorylation between a-and b-receptors. This notion is supported by the ®nding that a chimeric b-receptor, in which the endogenous kinase insert was replaced with the corresponding stretch from the a-receptor, showed a considerable reduced Stat5 phosphorylation in response to PDGF stimulation (data not shown). The two other sites, Tyr579 and Tyr581 are located in the juxtamembrane domain of the b-receptor and have been shown to serve as binding sites for Src family kinases. It has been shown previously that signal transduction molecules may compete for binding to the same site on the PDGF b-receptor (Nishimura et al., 1993) . In this context, it is noteworthy that v-Src has been described to associate with Stat3 in v-Src transformed cells and that Src is able to phosphorylate and activate Stat3 (Cao et al., 1996; Yu et al., 1995 (Figure 7 and data not shown), whereas no appreciable decrease in phosphorylation of Stat5 was seen in cells with Y771F or Y778F mutant receptors. Also, Tyr775 appeared to have the weakest anity for Stat5 based on the phosphopeptide competition data (Figure 7) , whereas mutation of this residue in the receptor led to almost as large decrease in tyrosine phosphorylation of Stat5 as in the case of the Tyr581 mutant. It is possible that even though Stat5 binds to phosphorylated Tyr579 and Tyr581 with higher anity than Tyr775, a mutation of Tyr579 might partly be compensated by Tyr581 and vice versa, making the eect on tyrosine phosphorylation of Stat5 lower, compared to mutation of the singly located Tyr775. It is also possible that the binding to short phosphorylated peptides does not give a true representation of the binding to the corresponding phosphorylated regions in the folded native protein.
Binding of SH2 domain proteins to e.g. autophosphorylated receptor tyrosine kinases has been shown to be dependent on phosphorylated tyrosine residues as well as on the stretch of amino acid residues C-terminal of the tyrosine (Pawson, 1995) . For several receptors mediating Stat5 activation, phosphorylation of speci®c tyrosine residues have been shown to be necessary for the activation of Stat5. Tyr392 and Tyr510 in the interleukin-2 receptor, Tyr409 in the interleukin-7 receptor (Friedmann et al., 1996; Lin et al., 1995) , Tyr116 in the interleukin-9 receptor (Demoulin et al., 1996) , Tyr382 in the Nb2 form and Tyr580 in the long form of the prolactin receptor (Lebrun et al., 1995) , and Tyr343 and Tyr401 in the erythropoietin receptor (Gobert et al., 1996; Quelle et al., 1996) , have been shown to be important for Stat5 activation, probably by creating binding sites for the SH2-domain of Stat5. Comparing the sequences surrounding these tyrosine residues with those surrounding Tyr579, Tyr581 and Tyr775 in the PDGF b-receptor, reveals a similarity between Tyr581 in the PDGF b-receptor (YVDP) and Tyr382/Tyr580 in the prolactin receptor (YLDP) (Lebrun et al., 1995) . In general, the ®rst and third amino acids downstream of the tyrosine residue are in most cases hydrophobic, which thus may be a requirement for binding of the Stat5 SH2 domain.
We show, in agreement with previous reports (Patel et al., 1996; Vignais et al., 1996) , complex-formation between the PDGF b-receptor and the ubiquitously expressed JAK family members JAK1, JAK2, and Tyk2. The PDGF a-receptor formed a less stable complex with JAK1, whereas complex-formation between the a-receptor and JAK2 or Tyk2 was not detected (data not shown). JAK1 was also tyrosine phosphorylated in response to PDGF-BB, whereas tyrosine phosphorylation of JAK2 was not detected in PAE cells. The role of JAK kinases in the phosphorylation and activation of the Stat proteins upon PDGF stimulation is currently unknown. However, previous studies on cells defective in expression of speci®c JAKs, transfected with PDGF or EGF receptors, indicate that Stat1 and Stat3 activation by these receptors is not dependent on individual JAKs (Leaman et al., 1996; Vignais et al., 1996) . Our data suggest that transfection of PDGF receptors into COS cells is sucient to induce DNA-binding activity of Stat1, Stat3 and Stat5. In addition, the results on a kinase inactive PDGF breceptor mutant, indicate that the kinase activity of the PDGF b-receptor is required for tyrosine phosphorylation of Stat5, in agreement with previous studies on activation of Stat1 and Stat3 in response to PDGF and EGF stimulation (Leaman et al., 1996; Vignais et al., 1996) . Whether members of the JAK family are involved in Stat5 activation by PDGF receptors remains to be shown. The possibility that JAK kinases serve to initiate signal transduction involving other signal transduction molecules than Stats in PDGF stimulated cells deserves attention. Important issues for future studies are to pinpoint the role of JAK in activation of Stats and other signal transduction molecules, resolve the precise mode of interaction between Stats and the PDGF b-receptor, and to determine the functional role of Stats in PDGF signaling.
Materials and methods
Cells and tissue culture
Swiss 3T3, NIH3T3 and COS-7 cells were cultured in Dulbecco's modi®ed Eagle's medium (DMEM; GIBCO/ BRL), supplemented with 10% fetal calf serum, 100 U/ml penicillin and 100 mg/ml streptomycin. 32D cells were maintained in RPMI 1640 supplemented with 10% fetal calf serum and 2.5 ng/ml murine IL-3. PAE cells expressing wildtype PDGF a-receptor, or wildtype or tyrosine residue mutated PDGF b-receptors were cultured in Ham's F-12 medium (GIBCO), supplemented with 10% fetal calf serum (GIBCO), 100 units/ml of penicillin and 100 mg/ml streptomycin. The number of binding sites per cell, as determined by Scatchard analysis, were as follows: wildtype PDGF a-receptor, 40 000 ; wildtype PDGF b-receptor, 42 000 (Mori et al., 1993) ; PDGF b-receptor mutants, K634A, 40 000 (Sorkin et al., 1991) , Y579F, 35 000; Y581F, 34 000 (Mori et al., 1993) ; Y716F, 32 000 ; Y740/751F, 37 000 ; and Y1009/1021F, 34 000 (RoÈ nnstrand et al., 1992) . For Y771F, Y775F, Y778F mutant b-receptors, the levels of receptor expression was very similar to that of cells expressing wildtype receptors as determined by immunoblotting (Ruusala et al, manuscript in preparation).
Antisera
The rabbit antisera against JAK1 and JAK2 have been described previously (Silvennoinen et al., 1993b) . The rabbit antisera against Tyk2, and Stat5, were purchased from Santa Cruz Biotechnology Inc., and the monoclonal anti-phosphotyrosine antibody PY20, as well as the monoclonal antibodies against Stat1, Stat3, Stat4, Stat5, Stat6 and JAK1, were purchased from Transduction Laboratories. The rabbit antisera PDGFR-3 and PDGFR-HL2, recognizing the PDGF b-receptor (Claesson-Welsh et al., 1989; Weima et al., 1990) and PDGFR-7 recognizing the PDGF a-receptor , have been described earlier. The rabbit antiserum PDGFR-4 was kindly provided by Sara Courtneidge, Sugen Inc., Redwood City, CA. The rabbit antiserum against Stat3, was kindly provided by Xinmin Cao, National University of Singapore, Peroxidase-conjugated swine anti-rabbit immunoglobulins and peroxidase-conjugated sheep antimouse immunoglobins were from Amersham.
Peptide synthesis
The following tyrosine phosphorylated (indicated as pY) synthetic peptides were synthesized using Fmoc chemistry, as previously described 
The corresponding unphosphorylated peptides were also synthesized.
Immunoblotting
Cells were stimulated with 100 ng/ml PDGF-BB or PDGF-AA for 30 min on ice, followed by 5 ± 20 min at 378C. After washing with ice-cold phosphate-buered saline (PBS), cells were lysed in a buer containing 1% NP-40, 10% glycerol, 20 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM phenylmethylsulfonyl¯uoride (PMSF), 1% Aprotinin (Bayer), 400 mM Na 3 VO 4 . Immunoprecipitation and immunoblotting were performed as previously described (ValgeirsdoÂ ttir et al., 1995) . For detection of tyrosine phosphorylated JAK1, cells were lysed in a buer containing 1.0% Triton X-100, 1.0% deoxycholic acid, 20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2.5 mM EDTA, 10% glycerol, 0.1% SDS, 10 mM Na 3 P 2 O 7 , 1 mM PMSF, 1% Aprotinin, 400 mM Na 3 VO 4 , followed by immunoprecipitation with PY20 and immunoblotting with monoclonal antibodies against JAK1. Immunocomplexes were detected with biotinylated anti-mouse immunoglobulins (DAKO) coupled to streptavidin-biotinylated horseradish peroxidase complex (Amersham) and visualized using ECL Western blotting detection system (Amersham).
JAK1 in vitro peptide kinase assay
Cells were stimulated with 100 ng/ml PDGF-BB for 30 min on ice, followed by 5 min at 378C. After washing with icecold phosphate-buered saline (PBS), cells were lysed in a buer containing 1.0% Triton X-100, 10 mM Tris-HCl, pH 7.6, 50 mM NaCl, 5 mM EDTA, 20% glycerol, 30 mM Na 4 P 2 O 7 , 100 mM Na 3 VO 4 , 50 mM NaF, followed by immunoprecipitation with JAK1 antiserum. The samples were washed with kinase buer containing 10 mM HEPES pH 7.4, 50 mM NaCl, 5 mM MgCl 2 , 5 mM MnCl 2 , 0.1 mM Na 3 VO 4 , and suspended in 30 ml kinase buer with or without peptide corresponding to 16 amino acid internal sequence (VLPQDKEYYKVKEPGE) of murine JAK2, immediately prior to incubation with 0.25 mCi/ml 32 P-g-ATP for 30 min at room temperature. The reaction was stopped by addition of 40 ml of two times sample buer and the kinase assay products analysed by SDS ± PAGE and autoradiography.
Electrophoretic mobility shift assay cDNAs for PDGF a-or b-receptor, JAK1, JAK2, Stat1, Stat3 and/or Stat5 were transfected into COS-7 cells, using the calcium phosphate transfection system (GIBCO BRL), following the manufacturer's directions. Cells were lysed in a buer containing 0.5% NP-40, 50 mM Tris-HCl, pH 8.0, 10% glycerol, 0.1 mM EDTA, 150 mM NaCl, 50 mM NaF, 0.1 mM Na 3 VO 4 , 1 mM dithiothreitol, 3 mg/ml Aprotinin (Sigma), 2 mg/ml Pepstatin A (Sigma), 1 mg/ml Leupeptin (Sigma) and 0.4 mM PMSF (Sigma). After centrifugation, the supernatants were used for band shift experiments. In order to reduce non-speci®c binding, the cell extracts (8 mg) were ®rst incubated with 0.4 mg/ml Poly dI-dC (Pharmacia) for 15 min on ice. One ml of 0.5 ng/ml 32 P-end-labeled high anity SIE (5'GATCAGCATTTCCCGTAA-ATCCC-3') or GRR (5'-GATCAGCATGTTTC AAG -GATTT GAGATGTATTTCCCAAAG-3') probes was then added and the reaction mixture was incubated for another 15 min on ice. The reaction products were resolved by electrophoresis in a 4.5% Tris-borate/EDTA-polyacrylamide gel. NIH3T3 cells were stimulated with 100 ng/ml PDGF-BB for 12 min at 378C, washed once with PBS and lysed in buer A (0.2% NP-40, 50 mM HEPES pH 7.5, 2 mM EDTA, 10 mM MgCl 2 , 100 mM NaF, 10 mM Na 4 P 2 O 7 , 2 mM Na 3 VO 4 , 2 mM Na 2 MoO 4 , 3 mg/ml Aprotinin (Sigma), 2 mg/ml Pepstatin A (Sigma), 1 mg/ml Leupeptin (Sigma) and 0.7 mM PMSF (Sigma). After centrifugation the nuclei were washed with buer B (same as A; without NP-40) and ®nally lysed in buer C (buer A; with 0.1% NP-40, 0.3 M NaCl, 10% glycerol, 3 mg/ml Aprotinin (Sigma), 2 mg/ml Pepstatin A (Sigma), 1 mg/ml Leupeptin (Sigma) and 0.7 mM PMSF (Sigma). 32D cells were stimulated with murine IL-3 (10 ng/ml), for 15 min, and lysed as described above. 4 mg nuclear extracts, 240 ng/ml poly-dI-dC, 1.5 mg/ml BSA, and 0.05 ng 32 P-labeled Stat5 probe (5'-GAT CCG AAT TCC AGG AAT TCA-3') were incubated for 30 min at room temperature. The reaction products were resolved by electrophoresis in a 4.5% Tris-borate/EDTA-polyacrylamide gel.
Analysis of PRE-binding by immunoblotting
PAE cells (10 8 ) expressing wildtype or mutated PDGF breceptors were stimulated with 100 ng/ml PDGF-BB for 25 min on ice followed by 25 min at 378C, washed and incubated for 10 min on ice in 1 ml of hypotonic buer (10 mM HEPES pH 7.8, 10 mM KCl, 1.5 mM MgCl 2 , 1 mM PMSF, 0.5 mM dithiothreitol, 1 mM Na 3 VO 4 , 1 mM NaF). After Dounce homogenisation, nuclei were pelleted (15 min, 3300 g) and incubated for 30 min in 500 ml of extraction buer (20 mM HEPES, pH 7.8, 420 mM NaCl, 25% glycerol, 0.2 mM EDTA, 1.5 mM MgCl 2 , 1 mM PMSF, 0.5 mM dithiothreitol, 1 mM Na 3 VO 4 , 1 mM NaF). Nuclear extracts were clari®ed by centrifugation, diluted with 1 ml of electrophoretic mobility shift assay binding buer, and incubated ®rst for 1 h with agarose-linked streptavidin (Sigma) to remove non-speci®c material and then overnight with immobilized PRE (5'-GA TTT CTA GGA ATT CAA-3') oligonucleotide (obtained by incubating 40 ml of agarose-linked streptavidin with 0.2 mg of double-stranded PRE oligonucleotide biotinylated at the 5' end of the upper strand. Agarose-bound materials were washed and immunoblotted as described above.
Coupling of peptides to Agel-15
Peptides were coupled to Agel-15 through primary amino groups according to the standard protocol from Bio-Rad. Two and a half milligrams of peptide were suspended in 2 ml of 50 mM HEPES, pH 7.2. One ml of Agel-15, washed with double distilled water, was added to the suspended peptide and incubated end-over-end for 1 h at 208C. After coupling, the remaining active sites were blocked by incubating the Agel/peptide complex with 100 mM ethanol amine HCl (pH 8), for 1 h at 208C. Then the complex was washed three times with Tris buered saline, pH 7.4, containing 1 mM dithiothreitol.
In vitro association of Stat5 with Agel coupled phosphopeptides and peptide inhibition experiments PAE cells were washed with ice-cold phosphate buered saline and lysed in a buer containing 1% NP-40, 10% glycerol, 20 mM HEPES pH 7.5, 150 mM NaCl, 1 mM PMSF, 1% Trasylol, 400 mM Na 3 VO 4 . The cell lysates were incubated for 2 h at 48C, with phosphorylated or nonphosphorylated peptides corresponding to Tyr579, Tyr581 or Tyr775 and their surrounding amino acid residues, immobilized on Agel-15. For the peptide inhibition experiment, the lysate was preincubated with 100 mM of synthetic peptides for 1 h at 48C. The beads were washed three times with 20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2.5 mM EDTA, 1% Triton X-100, 10% glycerol, 0.1% SDS, 10 mM Na 3 P 2 O 7 , 1% deoxycholic acid, 400 mM Na 3 VO 4 , 1 mM PMSF, 1% Trasylol and once with PBS. Then samples were boiled for 4 min in sample buer, separated by SDS ± PAGE, electrophoretically transferred to nitrocellulose membranes and immunoblotted, as described above.
Abbreviations JAK, Janus kinase; Stat, Signal transducers and activators of transcription; PDGF, platelet-derived growth factor; EGF, epidermal growth factor; PAE, porcine aortic endothelial; SDS ± PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; PMSF, phenylmethylsulfonyl¯uorid
